Strains of Corynebacterium ulcerans and Corynebacterium pseudotuberculosis (Corynebacterium ovis) were examined for the production of diphtheria toxin. A majority of C. ulcerans strains (25 of 37) and 1 C. pseudotuberculosis strain (1 of 14) gave a positive Elek test for diphtheria toxin, and for all strains but 1, production of diphtheria toxin was inhibited at the same level of Fe2' as was the Corynebacterium diphtheriae control. All Elek-positive cultures as well as two Elek-negative isolates of C. ulcerans gave a positive signal when hybridized with a DNA probe unambiguous for the diphtheria toxin gene (tox) under conditions of high stringency. The majority of probe-positive C. ulcerans strains contained three or more DNA restriction fragments that hybridized with converting corynephage II, suggesting that in C. ulcerans as in C. diphtheriae there may be a relationship between toxinogeny and carriage of I-related phage. Selected strains of C. diphtheriae, C. ulcerans, and C. pseudotuberculosis were examined for DNA homology by a semiquantitative technique. There was very little homology between C. diphtheriae and members of the other two species.
The relationship of Corynebacterium diphtheriae, Corynebacterium ulcerans, and Corynebacterium pseudotuberculosis (Corynebacterium ovis) is based on a similar morphology, cell wall composition, and production of a halo on Tinsdale medium which identifies the production of the enzyme cystinase (3, 4) . The relationship of C. diphtheriae and C. ulcerans has been of special interest to those studying the epidemiology of diphtheria since the reports were published stating that diphtheria-like organisms were isolated from cases of acute sore throat and from healthy carriers (11, 13, 26) . Many of these isolates produced a toxin which gave a line of identity with diphtheria toxin (DT) in gel immunodiffusion tests (11) . However, they were distinguished from C. diphtheriae by their ability to hydrolyze gelatin and decompose urea, by their inability to reduce nitrate, and by serological differences. A close relationship between C. ulcerans and C. pseudotuberculosis was suggested by the fact that both gave positive urease reactions and both failed to reduce nitrates, and more recently it was reported (4) that these organisms are unique among the corynebacteria in producing phospholipase D. Of particular interest in the relationship of the three organisms is that some strains of each can produce DT. The early reports of DT production by C. ulcerans based on animal inoculation were inconclusive (5, 6) , but the possibility that two toxins were present in some strains, one of them DT (23) , clarified the situation. Later, both Saxholm (26) and Henrikson and Grelland (11) showed that some isolates of C. ulcerans produced a line of identity with toxinogenic C. diphtheriae on Ouchterlony plates containing diphtheria antitoxin. In addition, Maximescu et al. (19) (20) (21) showed that certain strains of C. ulcerans and C. pseudotuberculosis could be converted to DT production by phages from toxinogenic C. diphtheriae.
In the present study we have compared the DNAs of C. ulcerans and C. pseudotuberculosis to those of C. diphtheriae and corynephage P. We have found in hybridization experiments carried out at high stringency (<10% mismatch) that the genes for DT, tox, are homologous in all three species and that many DT-positive strains of C. ulcerans have a number of DNA restriction fragments that hybridize with P-converting phage. Surprisingly, there is virtually no homology between the genomic DNA of C. diphtheriae and the other two species, and there is a moderate amount of homology between the DNAs of C. ulcerans and C. pseudotuberculosis.
MATERIALS AND METHODS Bacterial strains. A total of 37 cultures of C. ulcerans and 14 cultures of C. pseudotuberculosis (C. ovis) were collected from various sources. The culture designations and sources are given in Tables 2 and 3 . C. diphtheriae C7(-), C7()3'°x+, C7(I-tsr-3)'ox+, and C7(p)hm723, an iron-resistant toxinproducing mutant (15) , were taken from our stock collection.
In hybridization experiments comparing total genomic DNAs, four C. diphtheriae strains were selected to represent this species. They were S1016 (ATCC 19409, the designated reference strain, type gravis), C7(-) (ATCC 27011, the proposed neotype [3] , type mitis), S1013 (ATCC 8026, type mitis), and S1015 (ATCC 8032, type intermedius). C7(-) does not carry the gene for DT, but the other three strains do. The ATCC 9015 strain of C. ulcerans and the ATCC 19410-designated reference strain of C. pseudotuberculosis were used as the reference strains for those species. Representative strains of C. ulcerans and C. pseudotuberculosis were drawn from restriction pattern groups and will be described and identified below.
The species designation of all C. ulcerans and C. pseudotuberculosis strains and the species and type designations of the C. diphtheriae strains were confirmed by a series of standard tests for sugar fermentations, production of H2S and urease, and nitrate reduction (22) . The test for trehalose fermentation was read after 7 days. The test for phospholipase D production was performed by the cooperative hemolysis technique described by Barksdale et al. (4) , which employs Corynebacterium equi. The latter strain was obtained from the American Type Culture Collection (ATCC 6939).
Tests for DT. The standard Elek test for toxin production was employed (12) . urease production and phospholipase D production, which distinguish these organisms from C. diphtheriae were met by both of these groups of isolates. The slow fermentation of trehalose, one of the traits distinguishing C. ulcerans from C. pseudotuberculosis, showed the appropriate correlation. In Elek tests for DT production, to be described later, the majority of C. ulcerans strains produced toxin, whereas only one C. pseudotuberculosis strain was toxinogenic by this criterion. These results were consistent with previous findings (20) Tables 2   and 3 for the production of DT by the Elek plate method (see above). Of 37 C. ulcerans isolates, 25 produced DT, i.e., material which cross-reacted with DT in the Elek test (Table  2) . By contrast, only 1 of 14 C. pseudotuberculosis isolates, c The culture designations are given as follows. The stock number used in our laboratory is given first and is followed within parentheses by the stock designation of the source laboratory. The later designations were used in the references cited in the table. For strains from Norway, the number after the slash indicates the year of isolation.
the Egyptian buffalo isolate 766 sent to us by Maximescu, was positive. Two C. pseudotuberculosis derivatives of isolates 769 and 771, which had been lysogenized with converting corynephages, were also positive.
Hybridization of C. ulcerans and C. pseudotuberculosis with diphtheria tox probes. All of the C. ulcerans and C. pseudotuberculosis strains were tested for the presence of DNA homologous to the tox gene of C. diphtheriae by the B probe and dot-blot method. The probe contains sequences coding for more than 90% of the B fragment of DT and is completely internal to the tox gene (7) . Results of all hybridizations are recorded in Tables 2 and 3 (see footnotes) . All 25 Elekpositive strains of C. ulcerans and the 1 positive C. pseudotuberculosis strain gave positive hybridization tests under conditions of high stringency. In addition, two Elek-negative C. ulcerans strains, 718 and 721, which were also negative by the rabbit intradermal test, gave positive hybridizations, a correlation previously reported for some nontoxinogenic C. diphtheriae (7) .
The relative position of the diphtheria tox gene was examined by hybridizing BamHI digests of genomic DNA from 15 C. ulcerans isolates with the B tox probe. The results of a representative sample, including three negative controls, are given in Fig. 3 . The tox-related DNA is carried on different fragments, generally on one fragment but in one In a second part of this experiment, the genomic digests described in Fig. 3 were also hybridized with the A probe for DT. This probe carries the entire sequence for the A fragment of DT plus ca. 250 base pairs which probably encode for the leader sequence and regulatory region of the tox gene (7, 14) . The A probe elicited a positive signal from the same fragments that gave a positive signal with the B probe. These results show that highly homologous regions of both the A-and B-coding portions of the tox gene were present and on the same fragment. They also suggest that isolate 716 carried two tox genes.
Hybridization of C. ulcerans with ,8-converting phage DNA. We have surveyed C. ulcerans strains for carriage of DNA related to ,-converting corynephage, which itself carries the tox gene (Fig. 4) . Of the 37 strains examined, 17 carried three to seven r-related fragments. All but two of these strains belonged to group II tox+ and shared the same pattern of 3-related fragments (Fig. 4 , e.g., lanes I, J, and K). Three of the strains had two n-related fragments, and seven, including all members of group I, had only one. The one natural toxinogenic isolate of C. pseudotuberculosis also had a single homologous band. Finally, there were 10 isolates, of which 7 were in group II, that did not carry any tox-related DNA, and all were devoid of ,-related DNA. In general, there was a high correlation of tox gene carriage with carriage of additional ,B-related DNA, but there were a significant number of exceptions.
Effect of iron on toxin synthesis in C. ulcerans and C.
pseudotuberculosis. The inhibition of toxin synthesis by Fe21 All toxin-producing strains of C. ulcerans (Table 2) were tested. Of these, 25 of 26 and the iron-sensitive control produced toxin in Fe2+-unsupplemented medium but failed to produce detectable amounts in the medium supplemented with 0.4 ,ug of Fe2+ per ml. The one isolate, 733, which was positive at 0.4 ,ug/ml, also gave a positive test at 8 ,ug/ml but not at 20 ,ug/ml and thus was a naturally resistant strain. The iron-resistant control produced toxin at 100 ,ug/ml, the maximum tested in these experiments. The single natural strain of a DT-producing C. pseudotuberculosis and two strains converted to toxinogeny by corynephages also failed to produce detectable amounts of toxin-related material at 0.4 ,ug of Fe2+ per ml. These data show that for both C. ulcerans and C. pseudotuberculosis, DT synthesis was regulated by iron levels virtually identical to those controlling its synthesis in C. diphtheriae.
Relationship of C. diphtheriae, C. ulcerans, and C. pseudotuberculosis. The data gathered thus far concerning the genetics and production of DT indicated a close relationship between C. diphtheriae, C. ulcerans, and C. pseudotuberculosis. Nevertheless, the extent to which members of these species were related to each other was unknown.
As one test of relatedness, we probed chromosomal digests of representative strains of each of the species with labeled genomic DNA of the others. The results with C. diphtheriae and C. ulcerans probes are given in Fig. 5 and 6 . Results similar to those in Fig. 6 were obtained when C. pseudotuberculosis S1019 was used as a probe. At high stringency, there was very little homology between C. diphtheria and either C. ulcerans or C. pseudotuberculosis. Only isolated fragments of these strains appeared to be homologous. However, C. ulcerans and C. pseudotuberculosis were more closely related. In a separate experiment (data not shown), chromosomal digests of C. ulcerans were hybridized with the C. pseudotuberculosis probe at intermediate stringency, ca. 20% mismatch. The same fragments of the C. ulcerans strains simply gave a more intense reaction, and there was no change in the reactions of the C. diphtheriae strains. These results, although only semiquantitative, are consonant with a finding in preliminary experiments, employing the Si exonuclease technique, in which only 3 to 10% homology was detected between C. diphtheriae and either C. ulcerans or C. pseudotuberculosis, whereas ca. 40% homology was detected between strains of C. ulcerans and C. pseudotuberculosis. DISCUSSION We have compared the genes for DT in the three Corynebacterium species known to produce this toxin. DNA probes specific for segments coding for the A and B fragments of DT in C. diphtheriae were used. The probes were isolated from the tox gene of the same ,-converting phage carried by the DT-positive C. diphtheriae strain used in the Elek tests. A
Hybridization of selected strains of C. diphtheriae, C. ulcerans, and C. pseudotuberculosis with labeled C. diphtheriae probe. Similar amounts of BamHl-digested genomic DNA were placed in each well, separated by agarose gel electrophoresis as in Fig. 1, transferred (17) . It has been shown for C. diphtheriae (24) that there are at least two bacterial sites into which 13- Although it is well established in laboratory experiments that DT-negative strains of C. ulcerans and C. pseudotuberculosis can, like C. diphtheriae, be converted by 13 Either the tox gene is being carried by a phage or phages unrelated or distantly related to 1-converting phage, or the gene is present independently of phage. In principle, it is virtually impossible to prove that the DT gene is not associated with some intact or defective phage unrelated to 1. It has been shown in this and other studies that there are a number of similarities in the three Corynebacterium species with respect to DT production. They contain highly homologous tox genes, toxin production is depressed at similar concentrations of Fe2+, nontoxinogenic strains of all can be converted to toxinogeny by 13 or 1-related phages in the laboratory (20) , and there is a strong correlation between DT production and carriage of these phages in natural isolates of C. ulcerans as well as C. diphtheriae (9) . In view of these similarities, the limited homology between the genomic DNAs of representative strains of these three species is surprising but provides important support for their designation as distinct species. It does appear from the hybridization experiments that, in addition to the DT gene, these organisms share a small number of other genes or gene sequences. Given the observed similarities, these could be a gene or genes governing a phage receptor for certain corynephages, sites for the integration of P-related phages, and genes governing iron regulation of protein synthesis. Such commonalities could reflect strong selection for a pathway permitting exchange of phage or host genetic material or both. However, as of now, the only genes known to be transported across these species barriers are phage genes and the often associated tox gene (see above).
There is some information about the relationship between the epidemiological characteristics of our sample of C. ulcerans and C. pseudotuberculosis and groups of these strains with similar restriction enzyme digest patterns (Tables 2 and 3). Thus, the group II strains of C. ulcerans which were sent from Norway and isolated there between 1949 and 1952 probably represent a cohort of epidemiologically related strains. In recent work with C. diphtheriae (7), restriction patterns helped establish the similarity of strains isolated from a common site over a period of 5 years. It also has been shown with Vibrio cholerae (16) that similar restriction patterns were shared by geographically related strains isolated over a period of 6 to 8 years. Epidemiological information is also available for some of the C. ulcerans and C. pseudotuberculosis strains obtained from Romania (20) . The geographical and chronological origins of the C. ulcerans strains with the group II pattern are quite diverse, and those of C. pseudotuberculosis also have diverse geographical and animal origins. The dichotomy between the restriction enzyme digest patterns of the nitrate-positive and -negative C. pseudotuberculosis strains is also of interest. Whether this is more than just an accidental correlation remains to be seen. Arden and Barksdale (2) have shown that nitrate-negative mutants of C. diphtheriae can easily be produced in the laboratory, although such a loss in natural isolates is rare. However, it is possible that a loss of this trait by natural isolates of C. pseudotuberculosis is of some epidemiological or environmental significance. Finally, it should be noted that 7 of the 13 phage typing groups defined by Saragea et al. (25) covering both C. ulcerans and C. pseudotuberculosis strains are represented in the sample sent to us from Romania. In no case was a given phage type present in organisms with different restriction enzyme digest patterns. LITERATURE CITED
